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Equol protects PC12 neuronal cells against hypoxia/ 
reoxygenation injury in vitro by reducing reactive oxygen 
species production 
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Abstract: Objective Both of gp91™™ (an isoform of nicotinamide adenine dinucleotide phosphate-reduced oxidases) and Src (a 
non-receptor protein tyrosine kinase) play a prominent role in mediating hypoxia/reoxygenation injury of neurons. The present 
study was designed to investigate the neuroprotective effect of equol, a predominant active metabolite of daidzein, against 
hypoxia/reoxygenation injury in rat pheochromocytoma cell line (PC12) and explore the underlying mechanisms. Methods PC12 
cells exposed to hypoxia/reoxygenation injury were examined for reactive oxygen species (ROS) using dihydroethidium and 2’, 
7'-dichlorofluorescein diacetate and analyzed for changes in lactate dehydrogenase (LDH) activity and malondialdehyde (MDA) 
content. The expression levels of gp91""™ and phosphorylated Src-Tyr416 (p-Src) were measured using Western blotting. Results 
Equol dose-dependently restored the cell viability and decreased LDH activity and MDA content in culture medium of PC12 
cells exposed to hypoxia/reoxygenation. Pretreatment of the cells with 10° and 10° mol/L equol inhibited hypoxia/ 
reoxygenation-induced increase of ROS. PC12 cells treated with equol prior to hypoxia/reoxygenation injury showed significant 
enhancement of the protein levels of gp91" and p-Src. Conclusion Equol confers neuroprotection against hypoxia/ 
reoxygenation injury in PC12 cells by inhibiting the generation of ROS very likely as a result of down-regulation of gp91™"* and 
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inhibition of Src phosphorylation. 
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INTRODUCTION 


Stroke, most commonly ischemic stroke, is the 
second leading cause of death and the leading cause of 
long-term disability in adults in China’. Loss of regular 
oxygen and glucose supply even for a short period of 
time can initiate ischemia/reperfusion injury of the 
brain, which leads to cell death and permanent brain 
damage ® ”. The imbalance between the generation and 
clearance of reactive oxygen species (ROS) that causes 
oxidative damage of neurons is one of the most important 
factors contributing to ischemia/reperfusion injury of 
brain tissue”. In in vitro cell models of stroke, hypoxia/ 
reoxygenation simulates the effect of ischemia/ 
reperfusion to induce neuronal damage via enhanced 
ROS production”. 

Ample evidence suggests that nicotinamide 
adenine dinucleotide phosphate-reduced oxidases (Nox) 
are the major contributors to ROS generation during 
hypoxia/reoxygenation in different organs ®©. In mam- 
malian tissues, 7 members of the Nox family have been 
identified and defined by the specific catalytic subunits 
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Nox (Nox1-5) and Duox (Duox1-2). Nox2 (also known as 
gp91™*) is the major enzyme responsible for production 
of cellular ROS in brain tissues, although Noxl and 
Nox4 also have been shown to play a role °*. In 
experimental stroke models, pharmacological agents that 
inhibit Nox function or genetic deletion of the gp91™* 
subunit were shown to lessen brain ischemic damage” '” 
and ameliorate complications of thrombo- lytic therapy 
by protecting the integrity of the blood- brain barrier and 
reducing edema formation and hemorrhage". 

Protein tyrosine kinases (PTKs) are primarily 
classified into receptor PTKs and non-receptor PTKs. 
The Sre family of tyrosine kinases includes a group of 
classical non-receptor PTKs ubiquitously expressed in 
neurons at 500-fold higher levels compared with other 
cell types. Five members of the Sre family of PTKs (Sre, 
Fyn, Yes, Lek, and Lyn) are highly expressed in 
mammalian central nervous system. Sre is regulated by 
many stimuli to generate ROS, including hypoxia/ 
reoxygenation, stretch, integrins, growth factors, and 
vasoactive agonists (such as angiotensin II and 
thrombin), and has been implicated in hypoxia/ 
reoxygenation injury signaling pathways |. 

Equol [7-hydroxy-3-(4'-hydroxyphenyl)-chroman] is 
a predominant active metabolite of daidzein (a major 
isoflavone in soybean)", which is generated by the 
intestinal microbial flora“. As a nonsteroidal estrogen, 
isoflavone displays estrogenic activity via its affinity for 
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estrogen receptor a (ERa) and B (ERB)'*. Equol also 
serves as an antioxidant that is more potent than 
genistein and daidzein "®™, In mice exposed to the 
chemical carcinogen 7, 12-dimethylbenz(a)anthracene, 
oral administration of equol (5 or 25 mg/kg) for two 
weeks prior to the exposure decreased the levels of 
oxidative stress biomarkers by increasing catalase and 
superoxide dismutase activities”. In addition, intake of 
oflavone-rich soy or other dietary isoflavones for two 
weeks was found to decrease the cerebral infarct size in 
rat models of ischemic stroke ”'*!, but the molecular 
mechanisms underlying the neuroprotective effects of 
isoflavones and their metabolites are not fully 
understood. 

ROS was reported to induce cell death in cultured 
neurons ™ and in rat pheochromocytoma neuronal cell 
line PC12"°*. PC12 cells have been exploited as a cell 
model for studying neuronal cell death under diverse 
conditions, including hypoxia”. In this study, we aimed 
to investigate the neuroprotective effect of equol and 
explore the roles that the signaling molecule Sre and the 
ROS-generating enzyme Nox2 may play in hypoxia/ 
reoxygenation injury of PC12 cells. Our results 
demonstrate that equol confers effective neuroprotection 
against hypoxia/reoxygenation injury in PC12 cells by 
inhibiting ROS generation, probably by blocking Sre 
phosphorylation-mediated down-regulation of Nox2. 


MATERIAL AND METHODS 
Reagents 


Monoclonal mouse antibodies against Src and 
phospho-Sre (Tyr416) were purchased from Upstate 
Biotechnology (Lake Placid, NY, USA). Mouse anti- 
gp91™™ antibodies were obtained from BD Transduction 
Laboratories™ (Bedford, MA, USA).  Anti-tubulin 
antibody used for Western blotting was acquired from 
CMCTAG, Inc (San Diego, CA, USA). Equol powder 
(50% R-equol, 50% S-equol) was sourced from Nanjing 
Laiyin Medicine Technology Limited Company 
(Nanjing, Jiangsu, China). Assay kits for measurement of 
lactate dehydrogenase (LDH) activity and 
malondialdehyde (MDA) content were purchased from 
Nanjing Jiancheng Bioengineering Institute (Nanjing, 
Jiangsu, China). Dihydroethidine (DHE) and 2', 
7-dichlorofluorescein diacetate (DCF-DA) were ordered 
from Beyotime Institute of Biotechnology (Haimen, 
Jiangsu, China). Other chemicals used in this study were 
supplied by Sigma-Aldrich (St. Louis, MO, USA). 


Cell culture and treatment 


Rat pheochromocytoma cell line (PC12) used in 
this study was provided by Shanghai Institute of Cellular 
Biology of Chinese Academy of Sciences (Shanghai, 
China). The cells were cultured in high glucose 
Dulbecco's modified Eagle's medium (DMEM, Invi- 
trogen, USA) supplemented with 10% fetal bovine 


serum (FBS, Invitrogen), penicillin (100 U/mL) and 
streptomycin (100 mg/mL), and incubated at 37 °C in a 
humidified atmosphere with 5% CO. in 100 mm- 
diameter dishes for 48 h. For equol treatment, the cells 
at 70% confluence were incubated in high-glucose 
DMEM containing various concentrations of equol for 1 
h. Before the culture dishes were transferred into the 
multigas incubator for hypoxia/reoxygenation treatment, 
the medium was changed into low-glucose DMEM 
containing equol, and hypoxia was induced in a multigas 
incubator at 37 C (1% O, with 5% CO, and 94% N;; 
Thermo Scientific, MA, USA). After a 12-h incubation 
in hypoxia, the medium was replaced with high-glucose 
medium containing equol and the dishes were returned 
to a standard normoxic atmosphere for a 6-h incuba- 
tion *”. For cells in the hypoxia/reoxygenation (H/R) 
model group, no equol was added in the medium, and 
the cells in the control group were incubated 
consistently at 37 °C in a humidified atmosphere with 
5% CO». The cells exposed to gradient equol doses at 
10° to 10° mol/L following hypoxia/reoxygenation were 
examined for cell viability using 3-(4, 5-dimethylthiazol- 
2-yl)-2, 5-diphenyltetrazolium bromide (MTT) assay and 
for LDH activity and MDA content following the 
protocols described previously ”*. Based on the cell 
viability results, 10° mol/L and 10° mol/L of equol were 
selected as the optimal concentrations for ROS activity 
measurement and Western blotting experiments. 


Cell viability assay 


After pretreatment with the indicated concentr- 
ations of equol for 1 h, PC12 cells in 96-well plates were 
exposed to hypoxia (1% O,) for 12 h followed by 
incubation in a normoxic atmosphere for 6 h. The cell 
vitality was detected by incubating the cells with MTT 
(5 mg/mL) for 4 h at 37 °C. After the cells were rinsed 
twice with ice-cold phosphate-buffered saline (PBS), 
150 uL of dimethyl sulfoxide was added to each well to 
dissolve the purple formazan deposit, and the 
absorbance at 490 nm was measured with a microplate 
reader. 


LDH activity and MDA content measurement 


After pretreatment with various concentrations of 
equol for 1 h, PC12 cells were exposed to hypoxia/ 
reoxygenation (12 h/6 h). The culture medium was 
collected, and assay kits were used to spectrophoto- 
metrically determine the activity of LDH at 450 nm. The 
content of MDA, a biomarker of oxidative stress, was 
measured at 532 nm according to the manufacturer's 
instructions. 


Measurement of intracellular ROS 
To assess the effect of equol on ROS production in 


PC12 cells subjected to hypoxia/reoxygenation injury, 
intracellular ROS generation in the exposed cells was 
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measured with the fluorescent probes of dihydro- 
ethidium (DHE) and 2', 7'-dichlorofluorescein diacetate 
(DCF-DA). The cells were washed with PBS, loaded with 
10° mol/L DHE or 10° mol/L DCF-DA, and incubated 
for 30 min at 37 °C in darkness. Differential interference 
contrast images were obtained using fluorescence 
microscopy (Olympus IX71, Tokyo, Japan). The fluo- 
rescence intensities were quantified with image analysis 
software (Adobe Photoshop CS3), and the values were 
presented as the mean fluorescence intensity. 


Western blotting 


PC12 cells exposed to hypoxia/reoxygenation were 
lysed with ice-cold modified Radio immunoprecipitation 
assay (RIPA) buffer (containing 610° mol/L Tris-HCl, 
0.25% sodium dodecyl sulphate, 10° mol/L sodium 
fluoride, 10° mol/L sodium orthovanadate, 10 pg/mL 
aprotinin and leupeptin). The cell lysates were 
centrifuged at 14 000 xg for 20 min at 4 °C, and the 
supernatant was stored at —80 °C until use. The protein 
concentrations in the supernatant were determined using 
a bicinchoninic acid protein assay. Immunoblotting was 
performed as described previously. Briefly, the PVDF 
membranes were incubated with mouse monoclonal anti- 
gp91™™ antibody (1: 1000 dilution), mouse mono-clonal 
anti-phospho-Sre antibody (Tyr416) (1: 500), or mouse 
monoclonal anti-Sre antibody (1: 500) at 4 °C overnight, 
washed with Tris-buffered saline 0.05% Tween-20, and 
incubated with horseradish  peroxidase-conjugated 
secondary antibodies (1: 5000) for 1 h at room 
temperature. The bound antibodies were detected with 
an enhanced chemiluminescence detection system 
(Amersham, USA) and quantified by densitometry using 
the Chemigenius Bioimaging System (Syngene, Cam- 
bridge, UK). To ensure equal sample loading and to 
quantify the relative protein expression levels, the ratio 
of band intensity to tubulin intensity was calculated. 


Statistical analysis 


All the data were expressed as Mean + SE. Stati- 
stical comparisons were performed by one-way analysis 
of variance (ANOVA) followed by Student's t-test for 
comparison between the group means when appropriate. 
A P value <0.05 was considered to indicate a stati- 
stically significant difference. 


RESULTS 


Equol increases viability of PC12 cells exposed to hypoxia/ 
reoxygenation 


MTT assay showed that hypoxia/reoxygenation 
caused a decreased PC12 cell viability by (47.15+4.1)% 
compared with the control cells (P<0.01, Fig.1). Equol 
pre-treatment at 107, and 10°, and 10° mol/L for 1 h 
protected PC12 cells against hypoxia/reoxygenation- 
induced injury and significantly increased the cell 


viability to (82.19 + 1.03)%, (58.5+3.7)%, and (53.25 + 


4.7)% , respectively, as compared with that of cells in 
hypoxia/reoxygenation model group (P<0.05 or 0.01). 


Absorbance at 490 nm 


| 


Control HR 10° 10° 107 10° 10° 
Equol (mol/L)+H/R 


Fig.1 Effect of equol on cell viability of PC12 cells 
exposed to hypoxia/reoxygenation. PC12 cells were 
pretreated with the indicated concentrations of equol 
for 1 h and exposed to hypoxia (1% O») for 12 h and 
to a normoxic atmosphere for 6 h. The cell viability 
was detected using MTT assay by measuring the 
absorbance at 490 nm (n=8). #P<0.01 vs control; * P< 
0.05, **P<0.01 vs hypoxia/reoxygenation (H/R). 


Effects of equol and hypoxia/reoxygenation on LDH 
activity and MDA content 


LDH activity and MDA content in the culture 
medium of PC12 cells were measured to evaluate the 
effect of equol on the membrane integrity and oxidative 
stress in cells exposed to hypoxia/reoxygenation injury 
(Fig.2). The results showed that LDH activity and 
malondialdehyde content were both significantly 
increased in the medium of PC12 cells following the 
exposure to hypoxia/reoxygenation injury (P<0.01), 
suggesting severe membrane damage and oxidative 
stress in the cells. Pre-treatment with 107, 10°, and 10° 
mol/L equol significantly reduced LDH activity and 
MDA levels in PC12 cells with hypoxia/reoxygenation 
injury (P<0.01), indicating lessened damage and/or 
oxidative stress in the neuronal cells. 


Equol reduces hypoxia/reoxygenation-induced ROS 
accumulation in PC12 cells 


Compared with the control cells, PC12 cells 
exposed to hypoxia/reoxygenation injury exhibited 
markedly increased ROS activity as indicated by 
increased fluorescence intensity of the fluorescent 
probes DHE and DCF-DA (P<0.05 or 0.01 vs control; 
Fig.3). Pre-treatment with 10° and 10° mol/L of equol 
significantly lowered the fluorescence intensity in the 
cells exposed to hypoxia/reoxygenation (P<0.01, Fig.3). 
These results demonstrate that an increased ROS 
production is involved in hypoxia/reoxygenation- 
induced damage in PC12 cells and that the protective 
effect of equol against this cell damage is mediated very 
likely by lowering the intracellular ROS level. 
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Mean DCF-DA fluorescence intensity 
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Equol (mol/L)+H/R 


Control H/R 10° 10° 107 10° 10° 


Equol (mol/L)+H/R 


Fig.2 Effects of equol on LDH activity and MDA content in PC12 culture medium. PC12 cells were pretreated 
with the indicated concentrations of equol for 1 h, exposed to hypoxia (1% O,) for 12 h and to a normoxic 
atmosphere for 6 h. LDH activity (A) and MDA content (B) in the culture medium were determined by 
spectrophotometry (n=5). “P<0.01 vs control; **P<0.01 vs H/R. 
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Fig.3 Effect of equol on ROS levels in cultured PC12 cells exposed to hypoxia/reoxygenation. PC12 cells were pretreated 
with the indicated concentrations of equol for 1 h, exposed to hypoxia (1% O2) for 12 h and to a normoxic atmosphere for 6 h. 
PC12 cells were incubated with 10° mol/L DCF-DA or 10° mol/L DHE for 30 min in darkness. The fluorescence images show 
ROS levels (A) detected by DCF-DA (green) and DHE (red) in cultured PC12 cells (scale bar=200 um). Quantitative analysis 
of DCF-DA (B) and DHE (C) staining in PC12 cells showed significantly lowered mean fluorescence intensity in equol-treated 
cells (n=7). “*P<0.01 vs control; **P<0.01 vs H/R. 
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Effect of equol and hypoxia/reoxygenation injury on 
gp9l”"” protein expression 


To investigate whether equol decreases MDA 
content and intracellular ROS by directly regulating the 
expression of the ROS-generating enzyme Nox2 in PC12 
cells, Western blotting for gp91"" was performed 
(Fig.4). The expression of gp91"" protein was 
significantly enhanced in PC12 cells exposed to hypoxia/ 
reoxygenation injury (P<0.01), but this increment in 
ep91" protein was significantly antagonized by pre- 
treatment with 10° and 10° mol/L of equol (P<0.01). 
These results suggest that the neuroprotective effect of 
equol (particularly in reducing ROS generation) is likely 
mediated by antagonizing hypoxia/reoxygenation-ind 
uced gp91™™* up-regulation in PC12 cells. 


A gp91r | 58 000 


gp91™"™ protein level (relative to Tubulin) 


Control H/R 10° 10° 


Equol (mol/L)+H/R 


Fig.4 Inhibition of hypoxia/reoxygenation-induced 
up-regulation of gp91°* expression by equol in PC12 
cells shown by Western blotting (A) and relative 
protein level of gp91°"™ to tubulin (B) (n=4). *P<0.01 
vs control; **P<0.01 vs H/R. 


Effect of equol on Srce phosphorylation in PC12 cells 
subjected to hypoxia/reoxygenation injury 


To understand the role of Src tyrosine kinase in the 
neuroprotective effect of equol, we measured the levels 
of phosphorylated Sre (p-Sre) in PC12 cells exposed to 
hypoxia/reoxygenation injury using Western blotting 
(Fig.5). In PC12 cells exposed to hypoxia/reoxygenation, 
the level of p-Sre (Tyr416) protein was markedly 
increased (P<0.01 vs control) but was significantly 
reduced in cells pretreated with 10° and 10° mol/L of 
equol (P<0.01). No significant difference was found in 
the levels of total Sre protein expression between the 
control cells, PC12 cells subjected to hypoxia/ 
reoxygenation, and equol-pretreated PC12 cells with 
hypoxia/reoxygenation (Fig.5A). These results suggest 
that equol protects against hypoxia/reoxygenation injury 
by inhibiting Sre kinase activity in PC12 cells. 
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Fig.5 Inhibition of hypoxia/reoxygenation-induced up- 
regulation of Src phosphorylation by equol in PC12 
cells shown by Western blotting of the total (Src) and 
phosphorylated Src (p-Src) and tubulin levels (A) and 
quantification of their relative levels (B) (n=4). “P< 
0.01 vs control; **P<0.01 vs H/R. 


DISCUSSION 


In the present study, we demonstrated that the 
isoflavone metabolite equol offered strong 
neuroprotection of PC12 cells against hypoxia/ 
reoxygenation injury possibly by inhibiting ROS 
generation, down-regulating the ROS-generating enzyme 
ep91"", and inhibiting Sre phosphorylation. Previous 
studies have also demonstrated a more potent 
antioxidative activity of equol than the main soy 
isoflavones genistein and daidzein", suggesting the 
potential of equol as a useful therapeutic agent. 
However, only 33% to 50% of healthy adults are 
capable of producing equol from gut microflora after 
dietary soy intake”. 

Hypoxic injury has been implicated in many 
diseases, including stroke and neurodegenerative 
diseases *”. Hypoxic cell damage is often exacerbated by 
reoxygenation “'. Our study showed that equol 
significantly inhibited PC12 cell death after hypoxia/ 
reoxygenation injury. Hypoxia/reoxygenation injury 
caused substantial oxidative damage in PC12 cells, as 
shown by significantly increased LDH activity and MDA 
content in the culture medium. Pretreatment with equol 
effectively lessened such cell damage in a dose- 
dependent manner, suggesting the protective effects of 
equol against hypoxia/reoxygenation injury in the 
cultured neuronal cells. 

Richardson et al”” recently reported that the R- 
and S-forms of equol were equally effective in 
attenuating ROS generation and preventing cell death 
against L-buthionine (S, —R)-sulfoximine-induced 
oxidative insult in cultured fibroblasts with Friedreich's 
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ataxia. The antioxidant effect of equol was mediated by 
inhibition of superoxide anion production ®*. Hypoxia 
followed by reoxygenation causes the overproduction 
of ROS, e.g., the superoxide anion and hydrogen 
peroxide *, and our findings show that pre-treatment 
with equol can effectively suppress hypoxia/ 
reoxygenation-induced ROS over-production in PC12 
cells to attenuate the cellular oxidative stress. 

ROS is generated from many sources, including the 
mitochondrial electron transport system, the Nox, and 
other cellular oxidant-generating in cells 
exposed to hypoxia or hyperoxia Substantial 
evidence suggests that Nox2 is the most important Nox 
to mediate cerebral injury by facilitating the transport of 
electrons from NADPH to O,, resulting in the generation 
of superoxide anion ™, ROS also plays an important 
role as second messengers to activate such cellular 
signaling pathways as PTK, MAP kinases, and PLC- 
gamma". The Sre family of non-receptor PTK is abun- 
dantly expressed in the brain and plays a prominent role 
in mediating ischemic alteration in neurons. The Sre 
kinase comprises 6 distinct functional domains, and the 
regulation of its catalytic domain by Tyr41l6 
phosphorylation is critical for its kinase activity ™”. 

In this context, we examined the effect of equol on 
Nox2 protein levels in PC12 cells exposed to hypoxia/ 
reoxygenation injury. The results showed that equol 
significantly attenuated the increment of gp91""" protein 
expression in PC12 cells exposed to hypoxia/ 
reoxygenation, demonstrating that the neuroprotective 
effect of equol relied on inhibition of Nox2 expression as 
the main ROS-generating enzymes in the neurons. In 
addition, the expression level of p-Sre was significantly 
increased in PC12 cells following hypoxia/reoxygenation 
injury, and was attenuated by pretreatment with equol. 
We therefore infer that equol alleviates hypoxia/ 
reoxygenation-induced neuronal injury and cell death 
partially via suppressing Src activation. 

In summary, our data demonstrate that equol 
confers neuroprotection against hypoxia/reoxygenation 
injury by inhibiting the generation of ROS. The effect is 
very likely mediated by the inhibition of Src-mediated 
cell signaling and the down-regulation of the main 


neuronal ROS generating enzyme gp91"". 


systems 
[36-38] 
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IE SANT PC 12 Ania A E SAA PER RAL 


T 


129 E E R 


BRRMKASR SPAMS HE BMBAMFA CS MEAR PS KS BE 710061; 7-2 E F eA E F 
+P PBS PR He 710021 


HE: BAY PREGA PC12 AiR BRE OLE, FIR WAPC12 AN AMINA, FAI MZ TORREY 
SEU, FES EAT FT. MTT BS Re TG , Ee EAW E I ETC PL He 20 LDH) W HEAT S 
(MDA) E E , SE AL EAE RU E AROS) E Œ , Western blotting EWM AVE AMAY PC 12 4H I AY NADPH AAEN 2 
(gp9 1) FIBER TE Sre(p-Sre ERRAK. AR HEE TA RS A | FRAY PC 12 AU A TR SS et A 
Sige LAP LDH WY HEA MDA We E , A Gl] ROS WERK gp9 1 Fill p-Sre WIAA. ZAVE ME SL LIM ill p-Sre PATE 


Fil gp91"" ZEA , WP ROS AEM, ATXI PC 12 AA Lie EU STA 


KEIT ME ASA HAE p91; Sre pi 
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